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ABSTRACT
The osmotic fragility of red blood cells from five invertebrate 
species, representing four phyla, and one fish species was investigated. 
Unlike human red cells, Noetia ponderosa (bloodclam) and Glycera 
dibranchiata (bloodworm) red cells are more resistant at pH 6.9 than 
7.9. Like human red cells, clam and bloodworm cells are more resistant 
at higher than lower temperatures. More bloodworm red cells hemolyze in 
NaCl solutions than in seawater solutions of the same osmotic 
concentration. A seasonal or a temperature acclimation effect on osmotic 
fragility appears to exist in two species. The osmotic fragility of 
bloodworm red cells increases progressively from late August to late 
October. Red cells from clams collected in winter and maintained at 6°C 
are more resistant than red cells from clams collected in summer and held 
at 18°C, despite a common experimental temperature.
Bloodworms die after exposure to hypoxia for 2-2 1/2 days, yet the 
red cells remain unhemolyzed. This finding suggests that death is not 
due to lysing of the red cells. Furthermore, the animal appears to 
"favor” retaining enough oxygen to prevent cell lysis _in_ vivo rather than 
exhausting the oxygen store in sustaining aerobic metabolism for a longer 
period of time, since bloodworm red cells lyse under anoxic conditions _in 
vitro.
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THE OSMOTIC FRAGILITY OF RED BLOOD CELLS 
OF MARINE ANIMALS: A COMPARATIVE STUDY
INTRODUCTION
Although few animals have an oxygen carrier molecule packaged in a 
red cell, the species that do are distributed over more than half of the 
animal phyla. With the exception of the mammals, a single group of 
teleost fish and possibly the annelid family Magelonidae, red cells are 
nucleated and may continue to synthesize protein in the adult animal 
(Mangum, 1976). The red cells contain either hemoglobins, constructed 
of basically similar polypeptide chains in the different taxa, or the 
non-heme molecule hemerythrin. In species with large volumes of 
extracellular fluid, the hemoglobins function as oxygen stores as well 
as oxygen carriers (Mangum, 1976). The advantages of packaging the 
carrier in circulatory cells are not yet fully understood, but they may 
include physical properties such as blood viscosity as well as 
respiratory properties (Mangum, 1976). Manwell (1977) has recently 
reported NADH diaphorase and superoxide dismutase activity in the 
hemerythrin-containing cells of sipunculids, which may also contain a 
modulator of oxygen binding (Mangum and Kondon, 1975). It would 
therefore seem advantageous for the red cells to remain intact.
The changes in osmotic concentration of the internal body fluids of 
many euryhaline animals conform to those in the external medium, which 
may present an osmotic problem to the red cells. In addition, the red 
cells of cold-blooded, aquatic animals may experience frequent changes
2
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in temperature, pH and oxygen concentration, which may also affect the 
integrity of the cells.
One measure of red cell strength is the percentage of cells that 
lyse when placed in increasingly hypotonic solutions, or osmotic 
fragility. Historically the osmotic fragility test has been clinically 
used to detect hemolytic disorders and membrane abnormalities (Ryall et 
at., 1978) and to study membrane properties such as membrane 
permeability to electrolytes and non-electrolytes (Wessels et al.,
1973). In other studies, fragility of cells from many mammalian, bird, 
reptile, amphibian and fish species have been compared (e.g., Lewis and 
Ferguson, 1966).
In the present study the osmotic fragility of red cells from six 
species, representing five phyla, was examined. The responses of the 
cells to solutions of different ionic strengths, pH and temperature were 
compared with the responses of various mammalian red cells. The 
ecological and physiological implications of red cell fragility in 
marine animals are discussed.
METHODS AND MATERIALS
Collection and maintenance of animals
Blood clams (Noetia ponderosa (Say) and Anadara ovalis (Bruguiere)) 
were collected from various waters on the Eastern Shore of Virginia 
(26-32 o/oo). Nj_ ponderosa was held for eight weeks in either natural 
water (31 o/oo) at 6°C or in a mixture of natural estuary water (16-18 
o/oo) plus commercial sea salt (final salinity 31-35 o/oo) at 18°C. A. 
ovalis was held in natural water (27-28 o/oo, 18-19°C) for four days 
prior to experimentation. The blood was obtained by emptying the heart 
and the major sinuses of 3-6 animals and pooling.
Sipunculid worms (Phascolopsis gouldi (Pourtales) ) were purchased 
from the Marine Biological Laboratory and held for four weeks at 6°C in 
a mixture of natural estuary water (16-18 o/oo) plus sea salt (final 
salinity 31-32 o/oo). Blood was taken from the coelom of three animals 
and pooled.
Sea cucumbers (Thyone br iareus (LeSueur)) were purchased from the 
Marine Biological Laboratory and held for 2-3 days in running seawater 
(31-31 o/oo, 5°C). The red cells were taken from the Polian vesicles 
and the radial canals of 10 animals and pooled.
5.
Bloodworms (Glycera dibranchiata (Ehlers)) originating in Maine were 
purchased locally and held 2-3 weeks in natural estuary water (16-18 
o/oo) plus sea salt (final salinity 31-32 o/oo) at 18°C. Red cells were 
taken from the coelom of 6 animals and pooled.
Spot (Leiostomus xanthurus (Lacepede)) were caught by hook and line 
or trapped in the York River estuary and held for 1-2 months in natural 
water (16-18 o/oo) . The blood of 5 aniirials (ca. 14 cm long) was taken 
from the caudal vessels and pooled.
Measurments of osmotic fragility
The body fluid samples including seawater were immiediately strained 
through cotton and, with one exception, washed 1-2 times with ambient 
seawater; spot cells were washed with dilute (300 mOsm) seawater 
containing heparin. The cells were resuspended at a high concentration 
(hematocrit 25-30%) in the appropriate seawater, kept on ice or at the 
animals' acclimation temperature, and tested within two hours.
The following procedure was used for all but one of the 
hemoglobin-containing species. The pH of dilute NaCl or seawater 
solutions, was adjusted with both 0.1 M Tris Maleate and Trizma base 
(Beckman Model 160 or Zeromatic pH meter, value determined at the 
experimental temperature) . One hundred-fifty microliter aliquots of a 
particular pool of cells were allowed to equilibrate to 3 ml of the 
various solutions. These include dilute salt solutions, cyanomethemo- 
globin solution (Tietz, 1970) (for the 100% hemolysis value) and the 
seawater originally used to suspend the cells (for the 0% hemolysis
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value). After mixing continuously (Cole-Parmer Submersion Rotator) for 
one hour at the experimental temperature, the test tubes were 
centrifuged for ten minutes (International Model HN) . 1.5 ml of the
hemolysate was added to 1.5 ml cyanomethemoglobin reagent except for the 
100% hemolysis tubes in which 1.5 ml hemolysate was added to 1.5 ml 0.4 
M NaCl. The hemolysate solutions were set aside for 20 minutes and the 
absorbance determined at 540 nm (Bausch and Lomb Spectronic 20 
colorimeter or Beckman DU spectrophotometer).
In T^ briareus the hematocrit is very low and the volume of 
hemoglobin-containing cells in an animal is very small; thus large 
numbers of animals were used to obtain adequate volumes of cells. The 
procedure was modified as follows: 100 x l  of the cell suspension was
added to 750 of the test medium, and the hemolysate was frozen (-80°
C) for several days. After thawing, a small amount of precipitate was 
removed by centrifugation before further treatment.
In JL_ goulcli the volume of cells is not small, but they contain the 
non-heme compound hemerythrin as the oxygen carrier. The procedure was 
modified by directly measuring the absorbance of the hemolysate at 500 
nm; the cyanomethemoglobin reagent was not used. 100% hemolysis was 
determined by adding 150 /<_ 1 cell suspension to 3 ml distilled water.
Per cent hemolysis was calculated as:
Absorbance (A)   A
%H = test solution 0% hemolysis tube (100)
A ~  A
cyanomet Hb reagent tube 0% hemolysis tube
7.
Osmotic concentrations of the test media were measured with a Wescor 
Vapor Pressure Osmometer (Model 5130A) or an Osmette Precision 
Osmometer. The final osmotic concentration of the test medium plus the 
150 Atl red cell suspension was calculated as follows:
1. Cell suspension: at 30% Hct, the seawater fraction of the 150
<^1 cell suspension is (150 ^fl) (0.7) = 105 Ail
mOsm in 105 Ai 1 = (105 ^1) (31.0 g salt / 1 SW) (30 mOsm / g salt)
(1 / 106 -K. 1)
2. Hemolyzing solution:
mOsm in 750 A{1 = (measured mOsm / 1) (1 / 10 1) (750 M.1)
3. Final mOsm;
final mOsm = (mOsm in 105 ^ 1 + mOsm in 750 Ail / 105 + 750)
(106 -*tl / 1)
In vivo hemolysis
Two or three bloodworms were placed in a stoppered BOD bottle 
containing 31 o/oo water at room temperature, allowing the animals to 
lower the oxygen concentration to less than 0.15 ml /I (Yellow Springs 
Model 54 Oxygen Meter). After 16, 48, 60-63 and 70-73 hr, animals were 
removed from the bottles and the coelomic fluid collected. 150 ^ 1
ccelomic fluid was added to 3 ml 31 o/oo seawater and 150 1 coelomic
fluid added to 3 ml cyanomethemoglobin reagent. After five minutes the
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solutions were centrifuged and the experiment continued as above. Per 
cent hemolysis was calculated as:
% Hemolysis = (Absorbance A  ^ TT. (100)J 31 o/oo SW / cyanomet Hb reagent)
The osmotic concentrations of hemolyzing solutions are reported 
variously in the literature as mM NaCl, %NaCl and atmospheres. For 
comparative purposes, the following conversions were used:
% NaCl to mOsm:
mOsm = (% NaCl) (10) (30 mOsm / g salt) 
mM to mOsm:
mOsm = (mM)(0.05844 g NaCl / mM)(30 mOsm / g salt)
Red cells were photographed with a Zeiss Photomicroscope II equipped 
with Normarski differential interference optics.
RESULTS
The osmolality at which 50% hemolysis (H^q ) occurs in NaCl or 
seawater solutions at room temperature, pH 7.4 ranges from 102 mOsm for 
N . ponderosa to about 450 mOsm for dibranchiata (Figs. 1, 3) . G. 
dibranchiata red cells are the most fragile and when native coelomic 
fluid is observed immediately after opening an animal the cells often 
appear to be "crinkled" (also seen by C.J. Costa, pers. comm.)(Fig. 2). 
Sipunculid coelomic cells, also very fragile, appear pitted when placed 
in isosmotic seawater. In contrast N_^_ ponderosa red cells, the most 
resistant, have neither of these features.
The fragility of bloodworm red cells at 21°C, pH 7.4 varies
considerably in different groups of animals, but very little within a
group. G_^  dibranchiata originating in Maine were routinely kept 2-3
weeks at 18°C, 31 o/oo in the laboratory before experimenting so that
all laboratory conditions were equal for all animals. The H ^  value
for red cells taken from 6 individuals and measured on one date at the
end of August was about 345 mOsm. Hc. for cells taken from 6 worms5U
and measured on each of four dates in the period September 9-19, 1979 
varied only from 380-400 mOsm. But by the end of October, the value had 
risen to 450 mOsm (Fig. 3). Similarly, different fragilities were 
measured when ponderosa was collected in winter and maintained in the 
laboratory at 6°C, and when animals were collected in summer and kept at
9
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Fig. 1. Osmotic fragility curves for red cells from six marine
species. Cells incubated in NaCl solutions at 21-22°C, pH 7.4 
unless otherwise noted. dibranchiata (•— •), mid-September;
P. gouldi (•— *) , 24°C; A_^  ovalis (*— f 18°C in seawater; T. 
briareus (a— a ) ; spot (a ■) ; N. ponderosa winter.
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Fig. 2. Red cells in 31 o/oo seawater, 21°C. A. G_^  dibranchiata. P.
gouldi coelomocytes with egg cell. C. N^ _ ponderosa. For each 
photograph, bar equals 20>(m.
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Fig. 3 The fragility of dibranchiata red cells in late August, 
mid-September and late October in NaCl solutions. Six animals 
held 2-3 weeks at 18°C, 31 o/oo before each experiment. Dates 
of experiments: 8/27/79 (■— *) , 9/4 (■*— A ) , 9/10 ( m--m) , 9/15 
(A--A), 9/18 (•--*), 9/19 (A--A ) , 10/31 (•— • ), extrapolation 
of curve ( ) .
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18°C in the lab (Fig. 4). No obvious difference in the body fluid, such
as the presence or absence of gametes, was noted, nor a difference in
overall condition of the animals; in all instances, mortality during the 
holding period was very small (_10%).
G . d ibranch iata red cells are more resistant in seawater solutions
than in NaCl solutions by about 10% (Fig. 5). The difference between
4* 4*
the two media is the presence of Ca (about 4 mM) , Mg (20 mM) ,
K+ (3mM), SO^ (10 mM) and HCO^ (ImM) (Prosser, 1973).
The response of G^ _ dibranchiata red cells and of t\L_ ponderosa red
cells above the 50% hemolysis point to solutions of different pH (Fig.
5) is opposite to that of human red cells (Parpart et al., 1947). Both
bloodworm and clam red cells are more resistant at pH 6.9 than 7.9.
However, the differences in H values for the invertebrate red cells5u
(about 7 mOsm/pH unit) are considerably smaller than the difference for 
human red cells (37 mOsm/pH unit).
Like human red cells (Parpart et al., 1947) bloodworm and molluscan 
red cells are more resistant at higher temperatures (Fig. 6). The
magnitude of the effect is large in d ibr anchiata and A_^  oval is
(1.8-3. 6 mOsm/°C) , whereas the response of JNL^ ponderosa red cells (0.3 
mOsm/°C) more closely resembles that of mammalian red cells (0.1-0.7 
mOsm/°C in different species) (Aloni et al., 1977).
The slope of the fragility curve is not the same for each species, 
although all of the values for invertebrate red cells are <  1.0%
hemolysis/mOsm in the range of 40-60% hemolysis (Fig. 1, Table 1). The
14.
Fig. 4. Osmotic fragility of N^ ponderosa red cells in NaCl solutions.
Clams collected in summer and held at 18°C. pH 7.9 (a— -•) vs. 
6.9 (»--•), experimental temperature 21.5°C. Clams collected 
in winter and held at 6°C. Experimental temperature 22°C (a --a ) 
vs. 6°C (a — a .) , pH 7.4. Values are mean % hemolysis h- S.E. for 
cells pooled from 3 summer and 6 winter clams.
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Fig. 5. Effect of ionic concentration and pH on fragility. G.
dibranchiata red cells in seawater (•__•) vs. NaCl (#— • ) 
solutions, 21°C, pH 7.4. G^ dibranchiata red cells in NaCl 
solutions, pH 7.9 (A— a) v s . 6.9 (A--A) , 21°C. N. ponderosa 
red cells in NaCl solutions, pH 7.9 (n— a) vs. 6.9 (§|— a) , . 
21°C. Values are mean % hemolysis _+ S.E. for cells pooled from 
6 animals each experiment except N^ ponderosa (n=3).
(%) s|sA|oujaH
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Fig. 6. Effect of temperature on osmotic fragility. G. dibranchiata 
red cells in NaCl solutions, 21°C ( _#) vs. 7°C ( «— #) r pH
7.4. ovalis red cells in seawater solutions, 18°C (a --a )
vs. 10°C (4— A)r pH 7.4, extrapolation of curve (.... ). N .
ponderosa red cells in Nacl solutions, 22°C (■__*) vs. 6°C (9—a),
pH 7.4. Values are mean % hemolysis S.E. for cells pooled
from 6 animals for each experiment.
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TABLE 1
SLOPE VALUES IN THE 4 0-60% HEMOLYSIS 
RANGE OF THE OSMOTIC FRAGILITY CURVES
SPECIES SLOPE ( A  % HEMOLYSIS / A  mOsm)
L. xanthurus 1.2
N. ponderosa (winter) 1.0
T. briareus 0.8
G. dibranchiata 0 .7
A. ovalis 0. 6
P. gouldi 0.3
18.
greatest slope is found in spot and the smallest in gouldi, while 
values for N_;_ ponderosa, A^ _ ovalis, G_^  dibranchiata, and briareus are 
intermediate.
G. dibranchiata tolerates exposure to hypoxia for 2 1/2-3 days 
(Hoffmann and Mangum, 1970). All of the three bloodworms kept anoxic for 
48 hours and the five animals kept anoxic for 60 hours died, but no 
appreciable (>10%) hemolysis was detected. Not until 1/2-1 day after 
death was substantial hemolysis noted (Table 2).
19.
Table 2
IN VIVO HEMOLYSIS OF RED CELLS FROM GLYCERA DIBRANCHIATA 
IN 31% SEAWATER AT 21°C UNDER ANOXIC CONDITIONS
HOURS ANOXIC # GLYCERA LIVING TOTAL # GLYCERA MEAN % HEMOLYSIS + S.E.
16 3 3 5.8 + 0.5
48 0 7.0 + 1.2
60-63 0 5 5.0 + 1.4
70-72 0 9 73.5 + 10.3
DISCUSSION
The influence of pH and temperature on the osmotic fragility of red 
blood cells has been known for many years: human red cells are more
resistant at 40°C than at 10°C and more resistant at pH 8.4 than 7.4 
(Jacobs and Parpart, 1931; Parpart et al. , 1947). Rabbit, guinea pig and 
rat (but not camel) red cells are also more resistant 37°C than at 0°C 
(Aloni et al., 1977). The present results show that invertebrate red 
cells are more resistant at higher than lower temperatures; unlike human 
red cells, however, they are more resistant at lower than higher pH.
The greater resistance of bloodworm red cells in seawater than in 
NaCl may be due to the absence of divalent cations. Pierce and Greenberg 
(1973) showed that amino acid efflux from isolated Modiolus demissus
hearts is influenced by external divalent cation concentration. In
■4 4- -f* 4- ,
isosmotic Ca - and Mg - free seawater, a m m o  acid efflux is
initiated and continues indefinitely. Kregenow (1971) suggested that the
fibril system found inside the cell membrane and associated with Ca++
sensitive ATPase activity may alter membrane elasticity and, in some way,
change membrane permeability.
The fragility curve for normial human red cells is sigmoidal, with the 
exponential portion being basically a straight line. A high slope indi­
cates that most of the cells lyse within a very narrow range of osmotic 
concentration. The cell population is therefore homogeneous with respect
20
to hemolysis. Kim and Isaacks (1978) report that the rising portion of 
the curve for an Amazon fish is composed of two sections each with a 
different slope, and they suggest that the explanation lies in the 
existence of two distinct red cell populations. The slopes of the curves 
for invertebrate red cells are not as steep (Table 1) as for human red 
cells (slope = 4.0) suggesting considerable heterogeneity. The slope is 
even less for sipunculid coelomic cells (0.3) than for the
hemoglobin-containing cells. It appears that sipunculid cells are far
from homogeneous with respect to hemolysis.
The osmotic fragility of invertebrate red cells does not appear to
follow a clear phylogenetic trend. The annelid, sipunculid and mollusc 
are at about the same phylogenetic level, yet their H ^ values are very 
different: G_^  dibranchiata 345-450 mOsm. gouldi 322 mOsm and N.
ponderosa 10 2 mOsm.
In G^ dibranchiata and ponderosa osmotic fragility varies 
considerably within the species despite prolonged holding under common 
conditions. The reasons for these results are unclear. However, for 
these two species the obvious supposition is that the fragilities may be 
related to a seasonal effect such as a change in nutritional or endocrine 
condition, or in environmental temperature. For the bloodworms the 
experimental period coincided with a decrease in temperature of the Maine 
coastal waters in late summer and early autumn. In ponderosa the 
difference in fragilities may reflect the seasonal differences noted
22.
above as well as the acclimation temperature in the laboratory. The 
effect of whole animal acclimation temperature on the response of red 
cells has been demonstrated in the nurse shark Ginglymostoma cirratum 
(Abramowitz et al., 1977). When hemolysis is measured in 15°C solutions, 
erythrocytes from sharks acclimated to 15°C hemolyze at a lower rate than
erythrocytes from sharks acclimated to 25°C.
The factors that result in interspecific differences in fragility are 
not well understood, but they may involve cell morphology and/or 
biochemistry. In the past investigators have sought to correlate 
fragility with morphological features such as critical hemolytic volume, 
but their conclusions are contradictory. Kuiper et al. (1971) provided 
evidence that fragilities of red cells from hamsters kept under different 
experimental conditions may be explained by changes in lipid and 
cholesterol content of the cell membrane. Osmotic fragility could also 
be related to the cytoskeletal features of invertebrate red cells. Part 
of this skeletal system is comprised of marginal bands (MBs), a set of 
microtubules circling the inner periphery of the red cells of several
invertebrate species (Cohen et al., 1977); Cohen and Nemhauser, 1979).
Cohen (1978) also found a trans-marginal band network of material (TBM) 
associated with the marginal band. In some non-mammalian vertebrate red 
cells this trans-marginal band network is thought to apply tension 
asymmetrically so as to confer an elliptical shape. Cohen (pers. comm.)
23.
also suspects a relationship between cell fragility and the marginal band 
system. Though we do not know how the cytoskeleton of invertebrate red 
cells affects fragility, if indeed it does, the sequence of species cell 
fragility follows the data on marginal band thickness: ponderosa and
A . ovalis have 40-50 microtubules per marginal band, gouldi has 10 or 
fewer microtubules per marginal band and Gj_ dibranchiata has none (Cohen, 
per s. comm.) .
Since the red cells are found in animals which live in unstable 
environments, the fragility of the red cells may be of ecological 
importance. Mangum (1980) suggested that red cell fragility may prevent 
the colonization of more dilute waters by osmoconformers. The present 
results strongly support the hypothesis that osmotic fragility may play a 
role in determing distribution. For example, the lower limit of salinity 
of d ibranchiata is below 15 o/oo. Simpson (1962) reports bloodworms 
swarming in 14.5 o/oo (about 450 mOsm) at Solomons Island, Maryland. If 
the Maryland animals had the red cells of Maine animals, then at the end 
of October these animals would be without 50% of their original 
complement of red cells and without 95% of these cells at 12.5 o/oo (370 
mOsm) (Fig. 3). It will be interesting to learn whether the red cells of 
Maryland animals prove to demonstrate even greater intraspecific lability 
than found here.
In the other species, lies well below the lower limit of
salinity tolerance in nature. One might expect, however, that incipient
hemolysis, or H to be a more meaningful index of the physiological 
5
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problem. Although little information on H_ was collected in the
5
present study, extrapolation of the curves yields an estimate of
incipient hemolysis. The H._ for A. ovalis red cells is 410 mOsm (Fig.b — -------
1), still well below the lower salinity limit of 18 o/oo (540 mOsm) for
an p^Jyhaline animal such as this one (Wass, 1972).
Although the ionic concentrations of vertebrate body fluids are
strongly regulated, some dilution of the blood occurs when the animal
moves to less saline waters. In many fresh water vertebrates, both fish
and amphibians, Hcri is less than 150 mOsm (Kim and Isaacks, 1978; Lewis
5 0
and Ferguson, 1966), very low compared to many marine fish (160-255 mOsm) 
(Lewis and Ferguson, 1966; Ezell et al., 1969). The scianid fish spot is 
capable of swimming from full seawater to nearly fresh water. Like the 
cells of fresh water fish, spot red cells are very resistant to hemolysis 
(H^q = 142 mOsm). The slope of the curve is 1.25, implying a fairly 
homogeneous cell population in the blood of the individuals tested.
The data on _i_n vivo hemolysis of red cells from CL_ dibranchj.ata in 
anoxic media indicate that death is not due to red cell lysis. The data 
also support the suggestion that a bloodworm in virtually anoxic media 
"favors" retention of small amounts of oxygen bound to hemoglobin in
order to prevent red cell lysis rather than deplete the oxygen store in
support of overall metabolism (Mangum, 1976). In the absence of oxygen, 
bloodworm red cells lyse within a few seconds jin vitro (Mangum, pers. 
comm.) . Under anoxic conditions the oxygen tension _i_n vivo must 
therefore be sufficient to prevent hemolysis even at the time of the 
animal's death. It will be interesting to learn why the integrity of the 
cell is so important to its function.
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